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Abstract–Meridiani Planum is the ﬁrst ofﬁcially recognized meteorite ﬁnd on the surface of
Mars. It was discovered at and named after the landing site of the Mars Exploration
Rover Opportunity. Based on its composition, it was classiﬁed as a IAB complex
iron meteorite. Mo¨ssbauer spectra obtained by Opportunity are dominated by kamacite
(a-Fe-Ni) and exhibit a small contribution of ferric oxide. Several small features in the
spectra have been neglected to date. To shed more light on these features, ﬁve iron
meteorite specimens were investigated as analogs to Meridiani Planum with a laboratory
Mo¨ssbauer setup. Measurements were performed on (1) their metallic bulk, (2) troilite
(FeS) inclusions, (3) cohenite ((Fe,Ni,Co)3C) and schreibersite ((Fe,Ni)3P), and (4)
corroded rims. In addition to these room-temperature measurements, a specimen from the
Mundrabilla IAB-ungrouped meteorite was measured at Mars-equivalent temperatures.
Based on these measurements, the features in Meridiani Planum spectra can be explained
with the presence of small amounts of schreibersite and ⁄or cohenite and iron oxides. The
iron oxides can be attributed to a previously reported coating on Meridiani Planum. Their
presence indicates weathering through the interaction of the meteorite with small amounts
of water.
INTRODUCTION
In January 2005, almost 1 year after landing at
Meridiani Planum, the Mars Exploration Rover (MER)
Opportunity investigated the heat shield that had been
dropped during the entry, descent, and landing (EDL)
sequence. Just a few meters from the heat shield, an
intriguing rock with a pitted surface and a maximum
dimension of approximately 30 cm was discovered and
informally named ‘‘Heat Shield Rock’’ (Schro¨der et al.
2008). Though additional meteorites have been
identiﬁed on Mars since this early ﬁnd (e.g., Schro¨der
et al. 2008; Ashley et al. Forthcoming), this rock is the
only one currently recognized by the Meteoritical
Society Committee on Meteorite Nomenclature, and
was ofﬁcially named Meridiani Planum after the
location of its ﬁnd (Connolly et al. 2006).
The chemical composition of Meridiani Planum
derived from alpha particle X-ray spectrometer (APXS)
data is 93% Fe, 7% Ni, approximately 300 ppm
Ge and <100 ppm Ga (R. Gellert, personal
communication). Based on Ni, Ge, and Ga contents,
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Meridiani Planum was classiﬁed as a IAB complex iron
meteorite (Connolly et al. 2006).
Meridiani Planum Mo¨ssbauer spectra were obtained
on the undisturbed as well as on the brushed surface of
the meteorite. They show kamacite as the dominant
phase, together with small amounts of ferric oxide.
False-color panoramic camera (Pancam) images
revealed patches of an intriguing coating that appear
more purple compared to the majority of the surface, as
shown in Fig. 1. Schro¨der et al. (2008) described the
coating in detail, but could not determine whether it
represents remnants of a fusion crust or whether it is a
product of chemical weathering.
Here we show the results of a more detailed
analysis of the Mo¨ssbauer spectra obtained of Meridiani
Planum. Several minor features in the spectra had not
been explained previously (e.g., Van Cromphaut et al.
2007). We try to interpret these spectra by comparing
them to Mo¨ssbauer spectra of analog iron meteorites
taken in the laboratory under Mars-equivalent
conditions. In addition, we analyzed the 6.4 keV spectra
obtained with Opportunity’s Mo¨ssbauer instrument.
Only 14.4 keV spectra were analyzed previously.
Comparing the 6.4 keV and 14.4 keV Mo¨ssbauer
spectra yields depth-selective information because of the
energy-dependent attenuation in the investigated targets
(see the Depth Selective Information Extracted from
Mo¨ssbauer Spectra section for details). This approach
shows the presence of previously unidentiﬁed mineral
phases, and supports a weathering rind (not a fusion
crust) interpretation for the coating.
METHODS
Mars Exploration Rover Scientiﬁc Payload
The two MER Spirit and Opportunity are equipped
with both mast-mounted remote sensing instruments
and contact instruments mounted on a 5-degree-of-
freedom instrument deployment device (IDD; Squyres
et al. 2003). The remote sensing instruments include a
multiple ﬁlter visible to near-infrared (400 to 1010 nm)
panoramic camera (Pancam) (Bell et al. 2003) and a
miniature thermal emission spectrometer (Mini-TES)
covering the wavelength region from 5–29 lm
(Christensen et al. 2003). The contact instruments
comprise a rock abrasion tool (RAT) to remove surface
contamination or coatings by brushing or grinding into
a rock (Gorevan et al. 2003), a 30 lm per pixel
microscopic imager (MI) (Herkenhoff et al. 2003), an
APXS for chemical analysis (Rieder et al. 2003), and a
miniaturized Mo¨ssbauer spectrometer (MIMOS II) to
determine the iron mineralogy (Klingelho¨fer et al.
2003).
Mo¨ssbauer Data Analysis and Instrumentation
Numerous publications provide extensive reviews of
Mo¨ssbauer spectroscopy (e.g., Wegener 1966; Gonser
1975; Gu¨tlich et al. 1978; Hawthorne 1988) and its
applications in mineralogy and geochemistry (e.g.,
Bancroft 1973; Hawthorne 1988; Mitra 1992; Burns
1993; McCammon 1995; Murad and Cashion 2004;
Dyar et al. 2006). Brieﬂy, the Mo¨ssbauer effect is the
recoilless absorption and emission of c-rays by nuclei of
certain isotopes bound in a solid. A Mo¨ssbauer
experiment consists of a radioactive source (57Co for
Mo¨ssbauer spectroscopy with 57Fe), an absorber, and a
detector. Generally, the source and absorber will be
different compounds. As the chemical environment
inﬂuences nuclear energy levels, resonance lines will be
shifted against each other. This shift can be
compensated for by moving the source relative to the
sample, using the Doppler effect to shift the energy of
emitted c-rays. The positions of resonance lines are
usually referred to by their Doppler velocity. A typical
velocity range for Mo¨ssbauer spectroscopy with 57Fe is
on the order of ±10 mm s)1, corresponding to an
energy shift of approximately 10)8 eV in the case of the
14.4 keV c-rays emitted from the 57Co source.
Electric and magnetic interactions of 57Fe nuclei
with their environment manifest themselves as
Fig. 1. False color Pancam image (ﬁlters L2, L5, and L7)
obtained on Meridiani Planum. The brushed area is marked
with a circle. The meteorite surface shows pits and is partially
coated with a material that appears purple (http://
marswatch.astro.cornell.edu/pancam_instrument/images/False/
Sol352B_P2596_1_False_L257.jpg).
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observable parameters in Mo¨ssbauer spectra: the center
shift d, the quadrupole splitting DEQ, and the hyperﬁne
magnetic ﬁeld Bhf. Based on these parameters, a large
number of iron bearing compounds can be distinguished
and properties such as the oxidation states of iron can
be determined.
The center shift d is the shift of the centroid of a
(sub)spectrum against a zero reference point of the
Doppler velocity, measured relative to a reference
absorber (a-iron in this work). The center shift is
comprised of the temperature-independent isomer shift
and the temperature dependent second-order Doppler
shift. The isomer shift results from Coulomb interaction
of the positive nuclear charge distribution and the
electron charge density at the nucleus. The second order
Doppler shift is a small thermal shift due to lattice
vibrations that can only be observed if source and
sample are at different temperatures (e.g., Murad and
Cashion 2004), a situation that typically arises for
laboratory setups where the sample is mounted inside a
cryostat and the source is kept at room temperature.
For the MER MIMOS II instruments, the investigated
sample, the instrument, and the internal reference target
are always at approximately the same temperature, with
a temperature offset of 10 K or less, and thus the
temperature dependence of d is negligible.
The quadrupole splitting DEQ results from electric
quadrupole interaction between the nuclear quadrupole
moment and an electric ﬁeld gradient. A nuclear
quadrupole moment exists when the nucleus has a
nonspherical shape, and an electric ﬁeld gradient is
typically present for local lattice symmetries other than
cubic. In Mo¨ssbauer spectra, DEQ manifests itself as a
line pair (‘‘doublet’’). The separation between both line
centers is equal to DEQ.
Below the magnetic ordering temperature of
paramagnetic substances a net magnetic hyperﬁne ﬁeld
Bhf is present at the nucleus. It interacts with the
magnetic dipole moment of the nucleus and a six-line
pattern (‘‘sextet’’) is observed in Mo¨ssbauer spectra.
The hyperﬁne ﬁeld Bhf is proportional to the separation
of the two outermost lines. If an additional electric
quadrupole distortion is present, DEQ can be extracted
from the positions of lines (L) in the spectrum,
numbered from left to right, as DEQ ¼ 1=2½ðL6 L5Þ
ðL2 L1Þ: The hyperﬁne ﬁeld Bhf does and DEQ can
vary with temperature (e.g., because of magnetic or
crystallographic transitions). For nanosized particles,
generally <30 nm, magnetic splitting may not be
observed until a temperature well below the nominal
magnetic ordering temperature is reached. This effect is
called superparamagnetism.
The analysis of a Mo¨ssbauer spectrum yields
subspectral areas of the different mineral phases
contributing to the total spectrum, which are integrated
and background-corrected areas under all peaks of a
doublet or sextet phase. Deriving quantiﬁcations by
weight from subspectral areas can be done, but requires
the knowledge of correction factors for all identiﬁed
phases, which are not easily available (i.e., Debye-Waller
factors; e.g., Wegener 1966; Gu¨tlich et al. 1978;
Mo¨ssbauer 2000; Murad and Cashion 2004). Here, we do
not calculate weight percentages, but report subspectral
areas as a means of quantiﬁcation of phase abundances.
According to basic principles, resonance lines in
Mo¨ssbauer spectra exhibit a Lorentzian shape. Lines
may broaden and deviate from a purely Lorentzian
shape through the inﬂuence of various effects. The
‘‘cosine-smearing effect’’ is related to the geometry of
the experimental setup. This effect leads to broadened
lines with asymmetric shapes and shifts line centers
outwards, particularly at higher velocities (e.g.,
Riesenman 1969; Aramu and Maxia 1970). It must be
noted, however, that the source radiation in MIMOS II
is collimated so as to minimize geometrical effects of the
experimental setup, for example, to keep the outer lines
of hematite and maghemite distinguishable in a
spectrum. If a Mo¨ssbauer line passes through a
resonantly absorbing sample, c-rays from the center of
the line (i.e., at maximum resonance) are absorbed
preferably. In a thick sample, the central part of the line
is thus reduced in intensity and as a result of this
thickness effect, the line broadens (e.g., Margulies and
Ehrmann 1961; Fultz and Morris 1981).
The MER MIMOS II instruments measure spectra
of soil and rock targets in backscattering geometry with
the primary 57Co source. Spectra are stored in 13
separate temperature windows 10 K wide between
180 K and 290 K, as well as below 180 K and above
290 K (Klingelho¨fer et al. 2003). Calibration is carried
out with a secondary source and an internal absorber in
transmission geometry. The MER calibration absorber
is composed of a-iron, hematite, and magnetite.
The elemental composition of investigated targets is
important context information for the analysis of
Mo¨ssbauer spectra. This information is provided
through measurements made with the APXS (Rieder
et al. 2003; Bru¨ckner et al. 2008).
All laboratory measurements were carried out with a
MIMOS II instrument equivalent to the spectrometer on
board the Opportunity rover. Low-temperature
measurements were performed in a climate chamber
cooled with liquid nitrogen. Both the MIMOS II
sensorhead and the sample were mounted inside the
chamber. Measurements were performed under a dry
nitrogen atmosphere at approximately 10 mbar pressure.
For laboratory measurements, calibration measurements
were carried out with a metallic a-iron foil.
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Depth Selective Information Extracted from Mo¨ssbauer
Spectra
Iron-nickel meteorites may exhibit a fusion crust or
a weathered layer that formed after their impact. Depth
selective Mo¨ssbauer spectroscopy may provide
information about the distribution of iron-bearing
phases in such a surface layer and the underlying bulk
rock. The MER MIMOS II instruments detect both the
resonant 14.4 keV c-rays and the resonant 6.4 keV X-
rays simultaneously (Klingelho¨fer et al. 2003; Fleischer
et al. 2008a). Because of their higher energy, 14.4 keV
c-rays have a greater penetration (or escape) depth than
6.4 keV X-rays. The thickness and composition of a
surface layer can be estimated by simulating and
comparing 6.4 keV and 14.4 keV Mo¨ssbauer spectra, as
described in detail by Fleischer et al. (2008a). This
simulation models the backscattered spectra based on
the composition of the surface layer and bulk of the
sample, respectively, taking into account the energy
dependent absorption coefﬁcients of 6.4 keV and
14.4 keV radiation. The effect of the surface layer on
the spectra will be largest if a signiﬁcant portion of the
14.4 keV radiation reaches the detectors from the bulk
of the sample, while most of the detected 6.4 keV
radiation stems from within the surface layer
(see Fleischer et al. 2008a for further explanations).
Typical maximum sampling depths (i.e., the thickness of
the surface layer that allows the detection of a substrate
at the detection limit of approximately 2%) are
approximately 530 lm for 14.4 keV radiation and
approximately 130 lm for 6.4 keV radiation,
respectively, in basaltic rock, and approximately 50 lm
for both energies in metallic iron (Fleischer et al.
2008b). Reconciling depth selective Mo¨ssbauer data
with elemental data from the APXS would be
straightforward if both instruments were analyzing the
same material. However, the two instruments have
different ﬁelds of view (approximately 15 mm diameter
for the Mo¨ssbauer instrument, approximately 38 mm
for the APXS) and the APXS sampling depth is
considerably smaller (approximately 1–20 lm; Gellert
et al. 2006) than that of the Mo¨ssbauer instrument.
Analysis of the Meridiani Planum Meteorite and Analog
Specimens
All measurements with contact instruments were
made on the surface of the Meridiani Planum meteorite
that may have been heat-affected during the fall of the
meteorite through the Martian atmosphere and later
exposed to physical and chemical weathering on the
Martian surface. Mo¨ssbauer spectra of the meteorite
were obtained on the undisturbed and on the brushed
surface in 10 K-wide temperature windows in the
temperature range between 200 K and 270 K. Because
of mission time constraints, the integration time for a
given temperature window is limited, so that counting
statistics are not optimal compared to laboratory
spectra where virtually unlimited integration times may
be available. To compensate for low counting statistics
in individual temperature windows, spectra have often
been summed over a larger temperature range in the
course of the MER mission (e.g., Morris et al. 2006a,
2006b, 2008). Mo¨ssbauer spectra obtained on Meridiani
Planum have been interpreted as a mixture of kamacite
and a minor ferric phase characterized by a doublet
attributed to ‘‘nanophase ferric oxide’’ (npOx; iron
oxides or oxyhydroxides with particle sizes in the
nanometer range that are superparamagnetic at the
temperature of observation, including hematite
(a-Fe2O3), goethite (a-FeOOH), akagane´ite (b–
FeO(OH, Cl)) or lepidocrocite (c-FeOOH)) (Morris
et al. 2006a).
In this study, we present a temperature-dependent
analysis that also takes into account a number of minor
spectral features, indicating the presence of at least one
additional iron-bearing mineral phase. Although the
spectral features are just above the limit of background
counts, they appear consistently in many single
temperature window spectra and thus deserve further
consideration. The spectral features are visible most
clearly in the sum of all spectra (14.4 keV plus 6.4 keV)
obtained on the brushed meteorite surface. Due to their
low intensity, a ﬁt only yields satisfactory results if
constraints for Mo¨ssbauer parameters are implemented
in the ﬁt model. This requires the knowledge of
Mo¨ssbauer parameters of candidate mineral phases.
Five iron meteorite specimens with compositions
similar to Meridiani Planum were investigated as
analogs. Their classiﬁcation and Ni, Ge, and Ga
contents are summarized in Table 1. The analog
specimens are shown in Fig. 2. Three of them, from
Mundrabilla (Fig. 2a), Canyon Diablo (Fig. 2b), and
Bear Creek (Fig. 2c) have a metallic matrix with
approximately centimeter-sized inclusions of troilite
(FeS), schreibersite ((Fe,Ni)3P), and cohenite
((Fe,Ni,Co)3C). The Canyon Diablo and Bear Creek
specimens had been etched prior to this study and
exhibit a well-deﬁned Widmansta¨tten pattern. The two
specimens from North Chile (Fig. 2d) and Shis¸r 043
(Fig. 2e) are practically free from inclusions. The
Canyon Diablo, Bear Creek, and Shis¸r 043 specimens
exhibit corroded rims that were investigated for
comparison with the surface coating of Meridiani
Planum. The Mundrabilla specimen was investigated at
Mars-equivalent temperatures (190 K to 300 K); all
other specimens were measured at room temperature.
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For the analysis of Mo¨ssbauer spectra,
contributions from kamacite, troilite, and cohenite were
modeled with one sextet each. Schreibersite has three
crystallographic sites for metal atoms, and schreibersite
spectra have been described with three sextets
corresponding to these crystallographic sites (Bailey and
Duncan 1967; Ouseph et al. 1979). Although a detailed
study of the magnetic structure of Fe3P (Lisher et al.
1974) revealed that the spectra can be ﬁtted with up to
six sextets (two for each site), we were able to
satisfactorily ﬁt schreibersite from the Mundrabilla
specimen with three sextets.
Fits of the sum of all Mo¨ssbauer spectra (14.4 keV
and 6.4 keV) obtained on the brushed surface of
Meridiani Planum are shown in Fig. 3. Mo¨ssbauer
hyperﬁne parameters and subspectral areas are listed in
Tables 2 and 3, respectively. Representative spectra
obtained on analog specimens are shown in Fig. 4,
representative Mo¨ssbauer parameters from analog
measurements and from other studies are listed in
Table 4. Temperature dependent Mo¨ssbauer parameters
for kamacite from Mundrabilla are listed in Table 5.
RESULTS AND DISCUSSION
Kamacite and Taenite in Meridiani Planum
The metallic matrix of iron meteorites is composed
of iron-nickel compounds, described in detail by
Mittlefehldt et al. (1998): Kamacite, body-centered
cubic a-Fe-Ni, has Ni contents <6 wt% and forms
extensive lamellae upon cooling in a Widmansta¨tten
pattern. Areas with higher Ni contents are often
generally referred to as taenite, although they may be
complex in composition. Within a few micrometers of
the kamacite interphase, the Ni contents of taenite
lamellae rise to approximately 50% and drop to lower
contents at the center of the lamellae. The phase with
50% Ni exhibits tetragonal ordering (‘‘tetrataenite’’).
Areas with Ni contents between 30% and 50% are
intergrowths of tetrataenite and a body-centered cubic
phase referred to as a2-Fe-Ni. A submicron intergrowth
of Ni-rich and Ni-poor phases is termed ‘‘plessite.’’
Kamacite and ordered taenite are each characterized by
a sextet in Mo¨ssbauer spectra. A paramagnetic taenite
phase, characterized by a singlet, may also be observed
(e.g., Rancourt and Scorzelli 1995; Rancourt et al.
1999).
Mo¨ssbauer spectra of the Meridiani Planum
meteorite are dominated by a magnetically ordered
phase, which can be modeled with a single sextet
attributed to kamacite. A single sextet, however, does
not represent the spectral line shapes very well, which
may be a consequence of line broadening due to
geometry- and ⁄or thickness-effects (cf. the Mo¨ssbauer
Data Analysis and Instrumentation section) or due to
the presence of taenite. As shown in Table 4,
Mo¨ssbauer parameters very similar to those of the
kamacite sextet have been reported for magnetically
ordered taenite (cf. De Grave et al. 1992; Abdu and
Ericsson 1997; Dunlap 1997; Ortalli and Pedrazzi 1990;
Wojnarowska et al. 2008). In all these studies, Bhf of
taenite was found to be slightly smaller than Bhf of
kamacite. For the analog meteorite specimens, bulk Ni
contents range from approximately 5.5% in North Chile
(Wasson and Goldstein 1968) to approximately 10% in
Bear Creek (Lovering et al. 1957). Based on these
numbers, the presence of both kamacite and taenite is
strongly expected in the Meridiani Planum meteorite
and analog specimens, e.g., based on the Fe-Ni phase
diagram (e.g., Reisener and Goldstein 2003). Taenite
contents have been reported to be rather low for
Canyon Diablo (up to 3 vol%; Vdovykin 1973) and
comparably high for Mundrabilla (15–20% by area;
Buchwald 1975). Clear evidence for the presence of
taenite in a meteorite is the presence of a
Widmansta¨tten pattern on the etched surfaces, as shown
here for Canyon Diablo (Fig. 2b) and Bear Creek
(Fig. 2c). Thirteen spots were measured on the metallic
parts of analog specimens; three spots each on Canyon
Diablo, Bear Creek, and Mundrabilla, and two spots
each on North Chile and Shis¸r 043. To investigate
whether thickness effects (see the Depth Selective
Information Extracted from Mo¨ssbauer Spectra section)
rather than admixture of taenite are responsible for the
observed line-broadening, a stack of metallic a-iron foils
with a total thickness of 200 lm was also measured
with two different MIMOS II sensor heads: a-iron
Table 1. Classiﬁcation and Ni, Ge, and Ga contents of analog iron meteorites.
Meteorite Classiﬁcation
Composition
ReferenceNi (wt%) Ga (ppm) Ge (ppm)
Mundrabilla IAB-ungrouped 7.9 67 173 Weinke 1977
Canyon Diablo IAB octahedrite 6.8–7a 78–85a 280–360a Wasson and Ouyang 1990
Bear Creek IIIAB octahedrite 10.14 15 25 Lovering et al. 1957
North Chile IIAB hexahedrite 5.27–5.65 57–62 170–190 Wasson and Goldstein 1968
Shis¸r 043 IIIAB octahedrite 8.1 18.8 36.2 Al-Kathiri et al. 2006
aBased on analyses of 15 specimens; Wasson and Ouyang 1990.
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provides a spectrum with Bhf in the same range as for
kamacite and taenite (i.e., resonance lines are affected
by broadening in a similar manner) and the certainty
that only one phase is present.
Separate sextets corresponding to kamacite and
taenite cannot be directly resolved, neither in spectra
from the Meridiani Planum iron meteorite nor from
analog specimens. To investigate possible line
broadening due to the presence of taenite, line widths
were evaluated pairwise for these spectra. Lines 1 and 6,
lines 2 and 5, and lines 3 and 4 were set to have equal
widths and heights in the ﬁts. The width ratio of the
outer two line pairs only (lines 1 and 6 versus lines 2
and 5) was calculated, because the innermost line pair
(lines 3 and 4) of the sextet pattern is overlapping with
the npOx doublet and ⁄or other phases, which increases
the uncertainty of determining line widths. Line widths
and line width ratios are listed in Table 6. Line width
ratios cover the range of values from 1.21 to 1.36. With
values of 1.21 and 1.22, the two measurements on iron
foils have the smallest line width ratios. With one
exception for Bear Creek, all meteorite line width ratios
are larger than 1.25. If taenite has a noteworthy
inﬂuence on line broadening, large line width ratios
would be expected for those meteorites with
considerable taenite or plessite contents (e.g.,
Mundrabilla; Buchwald 1975), while the effect would be
expected to be less pronounced for meteorites with low
taenite or plessite contents (e.g., Canyon Diablo;
Vdovykin 1973). However, the width ratios for both
meteorites are in a similar range and even slightly larger
for Canyon Diablo. The larger line width ratios
observed for meteorite spectra may be an indication
that line broadening is not only related to geometry and
thickness effects and likely reﬂects the more complex
metallographic structure compared to the iron foil, but
the presence of magnetically ordered taenite in addition
Fig. 2. Iron meteorite specimens measured as analogs for
Meridiani Planum. a) Mundrabilla (not etched) with troilite
and schreibersite inclusions. b) Canyon Diablo with larger
troilite and numerous smaller inclusions, mainly troilite and
cohenite. c) Bear Creek with a clear Widmannsta¨tten pattern
and some inclusions. d) North Chile, the inset (left) shows the
corroded rim. e) Shis¸r 043 with a part of the rim covered by a
weathering rind (inset). Where applicable, circles
representative for the instrument ﬁeld of view (approximately
1.5 cm) are indicated.
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Fig. 3. Sum of 14.4 keV and 6.4 keV spectra obtained on the
brushed surface of Meridiani Planum. npOx, nanophase ferric
oxide; magOx, magnetically ordered iron oxides. a) Fit with
schreibersite (Scb). b) Fit with cohenite (Coh). Due to the
small amount of schreibersite ⁄ cohenite, their inﬂuence on the
ﬁt is small. Please refer to the online version of this article for
color version of this ﬁgure.
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to kamacite cannot be inferred from line broadening.
Paramagnetic taenite, characterized by a singlet
(Table 4; Fig. 4), was not detected in spectra of
Meridiani Planum either because (1) it strongly overlaps
with the npOx-doublet, (2) the statistical quality of the
spectra does not allow resolution of a singlet, or (3) this
phase is not present in the meteorite in detectable
amounts.
For Meridiani Planum, the good statistical quality
of spectra from single temperature windows allows an
extrapolation of low-temperature kamacite Bhf values to
room temperature (Table 5; Fig. 5) for a direct
comparison to values from analog samples. The
extrapolation yields 33.7 T for the undisturbed as well
as for the brushed surface, in good agreement with
values from analog measurements or other studies, as
reported in Table 4.
Laboratory measurements on meteorites are often
carried out on polished meteorite slabs. On Meridiani
Planum, however, the exposed surfaces that were
measured had been affected by heating during the fall
through the Martian atmosphere, followed by cooling
and exposure to Martian weathering processes on the
surface (further discussed in the following sections). The
fall of a meteorite through Earth’s atmosphere may lead
to the formation of a fusion crust (e.g., El Goresy and
Fechtig 1967) or surface layer through ablation and
melting (e.g., Maringer 1960). Buchwald (1977)
describes the occurrence of metastable a2-iron with a
hatched kamacite structure in the heat-affected surface
zone of uncorroded iron meteorites. This zone may
affect the outer 2–4 mm of the meteorite surface
(Al-Kathiri et al. 2006). The effect of the Martian
atmosphere may be less signiﬁcant, but the thickness of
the heat-affected surface layer may well be in the range
of the sampling depth of the Mo¨ssbauer radiation
(approximately 50 lm). The existence of a heat-affected
surface layer possibly provides a further explanation for
differences between Mo¨ssbauer parameters from
Meridiani iron meteorites and analog samples, such as
the slightly higher values for Bhf for Meridiani Planum
compared to Mundrabilla (Fig. 5).
Identiﬁcation of Schreibersite ⁄Cohenite and Iron Oxides
in Meridiani Planum
In addition to kamacite and npOx, Meridiani
Planum spectra show minor, so far unexplained spectral
Table 2. Temperature dependent Mo¨ssbauer hyperﬁne parameters for kamacite, nanophase ferric oxide (npOx),
and magnetically ordered iron oxides (magOx) from Meridiani Planum.
Mineral phase T (K)
d
DEQ
(mm s)1) C Bhf (T) d
DEQ
(mm s)1) C Bhf (T)
Undisturbed surface Brushed surface
Kamacite 205 0.00 0.00 0.29 35.2 )0.01 0.00 0.35 35.2
215 0.00 0.00 0.31 35.0 0.00 0.00 0.35 35.0
225 0.00 0.00 0.33 34.9 0.00 0.00 0.35 34.8
235 0.01 0.00 0.34 34.7 0.00 )0.01 0.34 34.7
245 0.02 0.00 0.32 34.5 0.02 0.00 0.29 34.5
255 0.02 0.00 0.33 34.3 0.03 0.00 0.33 34.3
265 0.02 0.00 0.33 34.2 0.03 0.00 0.37 34.2
Average values
npOx 200–270 0.40 0.81 – 0.40 0.81
magOx 200–270 0.39 )0.16 51.7 0.39 )0.16 51.7
Values of d are given relative to metallic iron foil at the same temperature as the sample. Parameter uncertainties are ±0.02 mm s)1 for d and
DEQ and ±0.2 T for Bhf.
Table 3. Subspectral areas for 6.4 keV and 14.4 keV
spectra obtained on the undisturbed and brushed
surface of Meridiani Planum.
Mineral phase
Subspectral area (%)
14.4
keV
6.4
keV
6.4 keV
+ 14.4 keV
Undisturbed
surface
Kamacite 90 88
npOx 5 5
Schreibersite ⁄
cohenite
2 2
magOx 3 5
Brushed
surface
Kamacite 84 84 86
npOx 6 5 5
Schreibersite ⁄
cohenite
3 4 3
magOx 7 7 6
The uncertainties of subspectral areas are ±2% (absolute
subspectral area).
For schreibersite ⁄ cohenite, Mo¨ssbauer parameters were constrained
to values obtained from analog specimens. For all other phases,
Mo¨ssbauer parameters were constrained to values obtained from
summed Meridiani Planum spectra measured on the brushed
surface. The sum of spectra obtained on the undisturbed surface
was not ﬁtted.
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features. These are most apparent in the sum of all
spectra (14.4 keV and 6.4 keV) obtained on the brushed
meteorite surface. Separate ﬁts were obtained from this
sum as well as from the sums of 6.4 keV spectra
obtained on the undisturbed and brushed surface,
respectively, and from the sums of 14.4 keV spectra
obtained on the undisturbed and brushed surface,
respectively. The most pronounced of these features
occur at approximately )8 mm s)1 and +8.5 mm s)1,
pointing to one or more sextets with rather large
Bhf-values characteristic for iron oxides. A ﬁt yields a
sextet with broad lines, likely representing a composite
of several overlapping sextets with similar parameters
which arise from different iron oxides such as hematite
(a-Fe2O3), maghemite (c-Fe2O3), and potentially
magnetite (Fe3O4). The sextet and the attributed phases
will be referred to as ‘‘magOx.’’ The parameters of the
sextet were derived from the sum of all spectra
Fig. 4. Example spectra obtained on analog meteorite specimens. Troilite, cohenite and schreibersite inclusions did not ﬁll the
instrument ﬁeld of view completely (cf. Fig. 2), leading to contributions of kamacite and ⁄or troilite in the spectra. The spectra of
Canyon Diablo and Mundrabilla were obtained on the polished surface (Figs. 2a and 2b); the spectrum of Shis¸r 043 was
measured on the corroded surface rim (Fig. 2e). Please refer to the online version of this article for color version of this ﬁgure.
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measured on the brushed surface and constrained to
these values for all other ﬁts (Table 2). As shown in
Table 4, similar parameters were obtained from spectra
of the corroded rims of Canyon Diablo and Bear Creek.
After adding the magOx sextet, unexplained
features remain at )4 mm s)1, )2 mm s)1, +2 mm s)1,
and +4.5 mm s)1, indicative for one or more sextets
with Bhf signiﬁcantly smaller than that for any iron
oxide or hydroxide. We considered a variety of other
phases commonly found in iron meteorites to explain
these remaining features, including chalcopyrite,
chromite, cohenite, daubreelite, mackinawite,
pentlandite, schreibersite, pyrrhotite, and troilite
(Lodders and Fegley 1998; Stevens et al. 2002). Based
on their Mo¨ssbauer parameters (Table 4), chromite and
pentlandite can be excluded because their spectra are
exclusively composed of doublet phases across the
relevant temperature range. Chalcopyrite, daubreelite,
Table 4. Representative Mo¨ssbauer parameters from analog measurements and other studies (relative to a-iron;
measured at room temperature unless indicated otherwise).
Phase d DEQ (mm s
)1) Bhf (T) Meteorite Reference
Chalcopyrite CuFeS2  0.30  0.08  35 Stevens et al. 2002
Chromite FeCr2O4 2 or 3 doublets; range of
parameters
Stevens et al. 2002
Cohenite (Fe, Ni, Co)3C 0.20 0.65 21.0 Wojnarowska et al. 2008
0.20 0 20.9 Ouseph et al. 1979
0.22 0.03 20.7 Canyon Diablo This work
Daubreelite FeCr2S4 0.71 0.14 19.4 Stevens et al. 2002
Kamacite 0.08 )0.05 33.1 Torino Ortalli and Pedrazzi 1990
0.02 0 33.6 New Halfa Abdu and Ericsson 1997
0.01 0.02 33.4 Abee (Enstatite) Dunlap 1997
0.02 0 33.6 Morasko Wojnarowska et al. 2008
0.01 0 33.6 Canyon Diablo This study
0.02 0 34.4 Bear Creek
0.02 0 33.4 Shis¸r 043
Mackinawite (Fe, Ni)S0.9 0.91 0.09 29.8 Stevens et al. 2002
0.85 0.06 26.2
0.88 0.09 22.8
Pentlandite (Fe, Ni)9S8 0.35 0.35 – Stevens et al. 2002
0.6 – –
magOx 0.32 )0.2 48.6 Canyon Diablo This study
0.34 )0.1 49.7 Bear Creek
npOx 0.35 0.70 – Shis¸r 043 This study
0.34 0.77 – Bear Creek
Schreibersite (Fe, Ni)3P 0.3 0.31 24.1 Mundrabilla (205 K) This study
0.26 0 21.2
0.45 0.31 16.2
Pyrrhotite Fe1–xS 0.7 0.15 30 Stevens et al. 2002
0.7 0.15 28
0.7 0.15 25
Taenite (paramagnetic) )0.02 0 – Santa Catharina (180 K) De Grave et al. 1992
)0.10 0 – Santa Catharina (300 K)
)0.08 0 – Morasko Wojnarowska et al. 2008
)0.17 0 – Morasko
0.10 0 – Canyon Diablo This study
0 0 – Canyon Diablo
Taenite
(magnetically ordered)
)0.05 0.09 32.8 Torino Ortalli and Pedrazzi 1990
0.12 0.12 30.3 New Halfa Abdu and Ericsson 1997
0.01 0.02 31.1 Abee (enstatite) Dunlap 1997
0 0 31.0 Morasko Wojnarowska et al. 2008
Troilite FeS 0.74 )0.16 30.9 Mundrabilla (205 K) This study
0.75 )0.16 31.7 Mundrabilla (295 K)
Values of d are given relative to a-iron.
Uncertainties for this study are ±0.02 mm s)1 for d and DEQ and ±0.2 T for Bhf.
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mackinawite, pyrrhotite, and troilite do not match the
observed features because of their large isomer shifts d
and ⁄or large magnetic hyperﬁne ﬁelds Bhf. Cohenite and
schreibersite are suitable candidates to explain the
observed spectral features. The schreibersite Mo¨ssbauer
spectrum is composed of three sextets. The cohenite
Mo¨ssbauer spectrum exhibits a single sextet, which has
parameters similar to the intermediate sextet from the
schreibersite spectrum. Two separate ﬁts with
schreibersite and cohenite, respectively, are shown in
Fig. 3. Both phases match the remaining spectral
features reasonably well. Because of the low intensity of
the peaks in the Mo¨ssbauer spectrum of Meridiani
Planum, the parameters for both phases were
constrained to values obtained from measurements on
the Mundrabilla specimen for schreibersite and on the
Canyon Diablo specimen for cohenite (Table 4). As we
cannot distinguish whether one phase is present while
the other phase is absent, we will refer to a combination
of both phases (‘‘schreibersite ⁄ cohenite’’) in the
remaining text.
With Opportunity’s APXS, an enrichment of P, Cl,
and S relative to Martian soil was detected in Meridiani
Planum (R. Gellert, private communication). APXS
spectra obtained on the undisturbed and brushed
surface are very similar, suggesting that the enhanced
concentrations of P, Cl, and S do not stem from dust
on the rock surface. Enrichment in P at least supports
indications for the presence of schreibersite. Cl could be
present in the nanophase ferric oxide, e.g., in the form
of akagane´ite. Troilite inclusions may have melted
during the descent through the atmosphere (Schro¨der
et al. 2008), or chemically altered after landing (Ashley
et al. Forthcoming), leading to the deposition of S on
the surface.
With subspectral areas in the range of approximately
5% (Table 3), magOx and schreibersite ⁄ cohenite are just
above the limit of background counts. However, the
spectra obtained on Meridiani Planum are of good
statistical quality due to the high iron content of the
meteorite. Thus, the peak positions of minor spectral
features can be compared between many single
temperature windows. The spectra obtained on the
undisturbed surface show the smallest subspectral areas
of schreibersite ⁄ cohenite and magOx (2% schreibersite ⁄
cohenite and <5% magOx compared to 3–4%
schreibersite and 7% magOx for any other spectrum). A
likely explanation for this is the presence of a small
amount of soil and ⁄or dust on the meteorite surface,
masking the spectral signatures from schreibersite ⁄
cohenite and magOx.
Iron Oxides: Implications for Weathering of Meridiani
Planum
Iron oxides, particularly maghemite, but also
lepidocrocite, akagane´ite, and magnetite, occur as
weathering products on iron meteorites found on Earth
(White et al. 1967; Bender Koch and Buchwald 1994;
Morris et al. 2000). The npOx doublet and the magOx
sextet discussed in the Identiﬁcation of Schreibersite ⁄
Cohenite and Iron Oxides in Meridiani Planum section
imply the presence of one or more iron oxides as
potential weathering phases in Meridiani Planum. These
Table 5. Temperature dependent Mo¨ssbauer hyperﬁne
parameters for kamacite from Mundrabilla.
T (K) d DEQ (mm s
)1) C Bhf (T)
195 0.00 0.00 0.47 33.9
205 0.01 0.01 0.49 33.9
215 0.01 0.00 0.46 33.8
225 0.01 0.00 0.47 33.7
235 0.01 0.00 0.46 33.6
245 0.01 0.00 0.46 33.6
255 0.01 0.02 0.45 33.5
265 0.01 0.00 0.45 33.5
275 0.02 0.00 0.46 33.4
285 0.02 0.00 0.44 33.4
295 0.02 0.00 0.43 33.3
Values of d are given relative to a-iron at the same temperature as
the sample. Parameter uncertainties are ±0.02 mm s)1 for d and
DEQ and ±0.2 T for Bhf.
Table 6. Line widths and line width ratios determined
from Meridiani Planum, analog specimens, and a
stack of metallic a-iron foils.
Meteorite
Width lines
1 and 6
Width lines
2 and 5
Ratiomm s)1 mm s)1
Canyon Diablo 0.218 0.166 1.31
0.221 0.163 1.36
0.218 0.167 1.31
Bear Creek 0.239 0.186 1.29
0.236 0.192 1.23
0.237 0.188 1.26
Mundrabilla 0.244 0.193 1.26
0.240 0.183 1.31
0.238 0.183 1.30
North Chile 0.223 0.175 1.27
0.223 0.177 1.26
Shis¸r 043 0.225 0.171 1.32
0.234 0.175 1.34
Iron foil 0.200 0.165 1.21
0.197 0.161 1.22
Meridiani Planum
undisturbed surface
0.275 0.209 1.32
Meridiani Planum
brushed surface
0.273 0.204 1.34
Uncertainties for line widths are ±0.02 mm s)1.
30 I. Fleischer et al.
oxides are reasonably conﬁned to near surface regions
as a discontinuous stain or thin coating and are the
origin of the ferric absorption edge observed in Pancam
spectra (Schro¨der et al. 2008). The interpretation of
iron oxides as a weathering product related to the
discontinuous coating is reinforced based on
observations made on two of the three additional iron
meteorites encountered by the Opportunity rover.
Coated spots on the Block Island and Shelter Island
Meridiani meteorites (both measured by IDD
instrumentation) were found to contain signiﬁcantly
larger amounts of npOx than uncoated surface portions
(Fleischer et al. 2010).
Because both the 14.4 keV and 6.4 keV Mo¨ssbauer
spectra are dominated by metallic Fe-Ni phases and
have the same subspectral areas for the npOx and
magOx components, the stain ⁄ coating must be thin
compared to the penetration depths of both radiations,
which are approximately 50 lm as discussed in the
Depth Selective Information Extracted from Mo¨ssbauer
Spectra section. To derive an estimate of the coating’s
thickness, we simulated Meridiani Planum spectra as
described by Fleischer et al. (2008a). As iron oxides and
oxyhydroxides are possible candidates for the observed
ferric doublet, we assume a chemical composition of
50% np-Fe2O3 and 50% np-FeOOH for the ferric
doublet. For the phase characterized by the sextet, we
assume pure Fe2O3. This assumption is one of many
possibilities. The thickness would not change
signiﬁcantly assuming a composition of purely
np-Fe2O3. The simulations suggest an average thickness
of less than 1 lm. The coating may be thicker if
non-iron–bearing phases are present. It has to be taken
into account that the ﬁeld of view contained coated and
uncoated portions of the surface, thus reducing the
effect of the surface layer on the spectra. The presence
of an oxyhydroxide would strongly suggest interaction
with water (including liquid water, frost, or gas–solid
interactions) at some time in the surface or near-surface
exposure history of the meteorite, and would thus
caution against a fusion crust interpretation for the
coating. A purely oxidic coating may also have formed
through the interaction of the meteorite with
atmospheric O2, but oxidation through the presence of
water appears more plausible because the Martian
atmosphere is primarily composed of CO2 (95%) and
contains only trace amounts of O2. Mo¨ssbauer spectra
obtained on the corroded rims of analog meteorite
specimens exhibit spectral features comparable to those
observed for Meridiani Planum: a sextet characteristic
for iron oxides and a doublet characteristic for
(super)paramagnetic iron oxides and ⁄or oxyhydroxides
(Table 4). The spectral similarities are another indication
that the coatings on Meridiani Planum are a result of
chemical weathering rather than a remnant fusion crust.
Investigations of the Block Island and Shelter Island
coatings, together with additional features not seen in the
Meridiani Planum meteorite, are also consistent with a
chemical alteration scenario; however, their morphology
suggests a higher overall degree of alteration relative
to that of the Meridiani Planum meteorite (Ashley et al.
Forthcoming). Bland et al. (1998) correlate higher
proportion of magnetically ordered ferric oxides with
falls during more humid periods in a study of terrestrial
age dated ordinary chondritic meteorites from hot desert
regions. A direct comparison of the meteorites in this
context depends on the timing of their respective fall
events in relation to possible aqueous epochs, which is
likely to remain unknown.
While the dust layer on Meridiani Planum was thin
enough to permit the detection of reﬂected sky radiance
in Mini-TES spectra of Meridiani Planum (which
include nonbrushed portions of the rock surface), no
obvious signs of the oxide ⁄oxyhydroxide coatings were
present in these spectra (e.g., Ashley et al. 2008). Dust
deposits within the deeper cavities appear thicker in
Pancam images than on other areas of the rock, and
weathering products could conceivably be concealed
within such protected areas, but this possibility cannot
be further explored with the existing data set.
CONCLUSIONS
Mo¨ssbauer spectra obtained on the Meridiani
Planum meteorite are dominated by kamacite.
Mo¨ssbauer hyperﬁne parameters obtained on the
undisturbed and brushed surface are identical within the
 33.5
 34
 34.5
 35
 35.5
 200  220  240  260  280
B h
f (
T)
T (K)
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Fig. 5. Temperature dependence of the magnetic hyperﬁne
ﬁeld Bhf of kamacite from Meridiani Planum. Values from
spectra obtained on the undisturbed and brushed surface of
Meridiani Planum are almost identical. Kamacite from
Mundrabilla has smaller Bhf values.
Mineralogy of the Meridiani Planum meteorite 31
reported uncertainties over the observed temperature
range from 200 K to 270 K. The extrapolation of values
for the magnetic hyperﬁne ﬁeld Bhf to room temperature
yields values in good agreement with values obtained
from analog measurements and from other studies.
Based on measurements of ﬁve analog meteorite
specimens, additional minor spectral features can be
attributed to the presence of schreibersite and ⁄or
cohenite and iron oxides in the meteorite, with
subspectral areas of up to 4% and up to 7%,
respectively. The contributions of nanophase ferric
oxide and magnetically ordered iron oxides (hematite,
maghemite and potentially magnetite) to Meridiani
Planum spectra are related to the discontinuous surface
coating detected in Pancam images.
Simulations of Meridiani Planum spectra suggest a
thickness of the coating of less than 1 lm. The presence
of iron oxides in a thin coating indicates a low degree
of chemical weathering, most likely through the
inﬂuence of small amounts of water.
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